High-resolution isothermal dielectric spectroscopy is reported as a function of frequency up to 10 5 Hz and electric field E rot on four carbon allotropes; amorphous glass, diamond, multiwall nanotubes ͑MWNTs͒, and single-wall nanotubes ͑SWNTs͒. The diamond spectra are featureless while the glass, MWNT, and SWNT samples exhibit two modes. A common low-frequency mode, likely due to surface space charges, is observed at ϳ16 Hz that decreases in dispersion strength and increases in frequency linearly with increasing E rot . A higher-frequency mode, different for each sample, is also observed having a dispersion strength and frequency independent of E rot . The complex dielectric constant * = Ј − iЉ of a material is determined by the molecular polarizability and structural arrangement. This is essentially a measure of a chargefree sample's response to an applied electric field. The real part of the dielectric constant Ј͑͒ is associated with the storage of the electric field energy while the imaginary part Љ͑͒ corresponds to the dissipation of energy through a relaxation process. Typically, relaxations below 100 Hz are due to normal conduction while those between 100 and 10 5 Hz are associated reorientation of permanent and/or induced molecular dipoles in the material. Molecular interactions play an important role in such relaxation processes. Changes in the structural arrangement of the molecules can also induce large changes in the dielectric spectra, leading to its use in the study of phase transitions.
1
carbon nanotubes ͑CNTs͒ have been studied extensively for their unique electrical, thermal, mechanical, and magnetic properties. [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] Recently, composites of CNT within ceramic metals such as alumina 13 or polymers such as polycarbonate 14 have been explored in order to improve their dielectric properties.
The complex dielectric constant * = Ј − iЉ of a material is determined by the molecular polarizability and structural arrangement. This is essentially a measure of a chargefree sample's response to an applied electric field. The real part of the dielectric constant Ј͑͒ is associated with the storage of the electric field energy while the imaginary part Љ͑͒ corresponds to the dissipation of energy through a relaxation process. Typically, relaxations below 100 Hz are due to normal conduction while those between 100 and 10 5 Hz are associated reorientation of permanent and/or induced molecular dipoles in the material. Molecular interactions play an important role in such relaxation processes. Changes in the structural arrangement of the molecules can also induce large changes in the dielectric spectra, leading to its use in the study of phase transitions. 15 Dielectric spectroscopy can provide detailed information on dynamic modes, such as segmental mobility of the molecules or vibrational modes of a solid.
In this paper, we use an ac-capacitance bridge technique 16 to measure the isothermal dielectric spectra from 1 to 10 5 Hz of four different carbon structures; amorphous glass, crystalline diamond, single-wall nanotubes ͑SWNTs͒, and multiwall nanotubes ͑MWNTs͒. In addition, the electric field dependence was probed by increasing the magnitude of the ac-electric field used in the capacitive measurement. The real and imaginary parts of the complex dielectric constant are determined from the in-phase and ͑ / 2͒ out-of-phase off-balance signal of the bridge. Because of the experimental arrangement, the actual magnitude of E rot across the sample is not known ͑only the driving voltage was controlled͒. However, the factor by which E rot increases is known if measured in units of that produced by the lowest voltage ͑de-noted as E rot 0 for applied 1 V͒, this normalized field is labeled e R = E rot / E rot 0 . The capacitive cell consists of a parallel-plate configuration, 1 cm across and 100 m thick using a Kapton spacer, housed in a temperature controlled bath. Comparison between the empty and sample filled capacitors allows for an absolute measurement of * ͑ , e R ͒.
All carbon samples were of powder form. The glass sample consisted of spherical particles of 2 -12 m in diameter and 99.95% pure. The diamond sample was of natural monocrystalline form approximately 1 m in size and 99.9% pure. These powders were obtained from Aldrich and used after degassing under vacuum at 100°C. The MWNT sample contains nanotubes of 10-100 nm in diameter and 1-5 m in length. The SWNT sample contains nanotubes ϳ1.3 nm in diameter and 0.5-50 m in length. Both carbon nanotube samples were received from Sinha and used without further processing.
The same amount by mass of each sample was loaded into the capacitor cell. The orientation of CNTs was completely random as was the distribution of the diamond and amorphous powders, thus, only the average dielectric constant was determined. For consistency, the same thermal history was applied to each sample and all measurements reported here were performed at a fixed temperature of 328 K ͑55°C͒ with a stability of Ϯ0.005°C. Temperature dependent experiments on all samples from 300 to 350 K reveal essentially identical spectra indicating that, at least, volatile impurities, which may have been adsorbed onto the carbon, do not play a significant role.
The dielectric spectra for the diamond powder sample reveal no features over the entire frequency range studied. An increase in Ј and Љ is seen below 10 Hz and is attributed to the onset of normal static conduction. Given the static nature observed, a detailed electric field dependence study was not carried out on diamond. For powders of glass, MWNT, and SWNT carbon, the dielectric spectra exhibit two prominent features, clearly seen in Figs. 1-3 , respectively. A low-frequency feature ͑denoted as mode 1͒, between 16 and 80 Hz and common to these three samples, is observed to decrease in dispersion strength ͑peak magnitude of Љ͒ and shifts to higher frequencies linearly with increasing e R . The characteristics of mode 1 suggests that it is re-lated to space charge polarization, which may involve several mechanisms of charge built up at the particle surface or electrode-sample interface.
17 Table I gives the result of a linear regression of the mode-1 peak frequency as a function of e R .
A higher-frequency feature ͑mode 2͒ is observed for the glass, MWNT, and SWNT samples whose peak frequencies occur at 63, 1.9, and 0.6 KHz, respectively, independent of e R . In addition, the magnitude of the mode-2 dispersion peak is also independent of e R and exhibits markedly different appearance for the glass than for either of the nanotube samples. The behavior of this mode is consistent with orientational polarization of molecular permanent and/or induced dipoles in the different samples.
To further illuminate the nature of the observed spectra, a "Cole-Cole" construction 18, 19 is performed for the glass, MWNT, and SWNT samples. In making this construction, the complex dielectric constant is written as,
−␤ − ␣i͑ 0 / vac ͒ where ⌬ = ϱ − 0 is the dielectric strength. Here, ϱ is the dielectric constant of the material at infinite frequency, 0 is the static dielectric constant, is the frequency, is the relaxation time constant, and ␤ is the fitting factor ͑where normally 0 Ͻ ␤ Ͻ 1͒. The last term describes electronic conduction where ␣ is the conduction factor, 0 is the static conductivity, and vac is the vacuum permittivity. For ␣ = 0, i.e., negligible conduction, this relation yields the Cole-Davidson form 20 while setting ␤ = ␣ = 1 results in the Debye dispersion relation with a static conductivity. 21, 22 For ␤ = 1 and ␣ = 0, a plot of the same scaled units of Љ͑͒ versus Ј͑͒ ͑a Cole-Cole plot͒ would reveal a semicircle for a single well-defined relaxation process whose diameter is ⌬. However, dc conductivity, resulting in a divergence of Љ͑ → 0͒ or a distribution of relaxation times ͑␤ Ͻ 1͒, will lead to distortions of the semicircle.
23,24 Figure 4 shows a Cole-Cole plot for the glass, MWNT, and SWNT carbon samples at the same e R revealing two well-separated features for each sample. Clearly, Fig. 4 indicates that mode 2 for the glass sample does not represent a typical relaxation process while mode 2 for the MWNT and SWNT samples are similar to each other, though at different frequencies, and represent a single, welldefined, relaxation process.
In summary, the local molecular structures of carbon allotropes have a strong effect on their dielectric spectra of up to 10 5 Hz. Given the static and featureless spectra for the diamond sample under identical experimental conditions, the two features in the spectra of the other carbon powders are intrinsic to their particular form and nature. For the glass, MWNT, and SWNT samples, the ac-electric field e R plays an important role in linearly changing the peak position of mode 1 but does not affect the higher frequency mode 2. All samples are powders of comparable grain size but the diamond is an insulator while the glass is a conductor and the MWNT and SWNT are potential conductors depending on their chirality, which is not precisely known in our samples but highly likely. Thus, mode 1 is consistent with the buildup of space charges within the sample+ cell, presumably at the grain/nanotube surfaces. The mode 2 observed for the MWNT and SWNT appears as a single well-defined relaxation process, possibly due to orientational dynamics of permanent and/or induced dipoles in the graphene layers. The mode observed in the glass sample at similar frequencies is of a different character and likely related to the amorphous powder containing a range of distorted carbon structures, some of which are similar to nanotubes. The higher frequency of mode 2 in the MWNT compared to that in SWNT may be due to the "capacitorlike" structure of the multiple graphene walls and so, coupling of the polarization between layers. Coupling of polarization between the curved layers in MWNT would enhance dissipation and so, shifts this mode to higher frequencies. These results clearly indicate that the local structure plays a crucial role for mode 2 while mode 1 appears to be dictated by surfaces and the conducting nature of the samples. Additional experimental studies are planned but theoretical efforts are needed to fully understand the physics of these relaxation mechanisms. 1 S. Iijima, Nature ͑London͒ 354, 56 ͑1991͒. 
